The tumor suppressor phosphatase and tensin homologue (PTEN) is involved in cell proliferation, adhesion, and apoptosis. PTEN overexpression in mammary epithelium leads to reduced cell number and impaired differentiation and secretion. In contrast, overexpression of the proto-oncogene Wnt-1 in mammary epithelium leads to mammary hyperplasia and subsequently focal mammary tumors. To explore the possibility that PTEN intersects with Wnt-induced tumorigenesis, mice that ectopically express PTEN and Wnt-1 in mammary epithelium were generated. PTEN overexpression resulted in an 11% reduction of Wnt-1-induced tumors within a 12-month period and the onset of tumors was delayed from an average of 5.9 to 7.7 months. The rate of tumor growth, measured from 0.5 cm diameter until the tumors reached 1.0 cm diameter, was increased from 8.4 days in Wnt-1 mice to 17.7 days in Wnt-1 mice overexpressing PTEN. Here we show for the first time in vivo that overexpression of PTEN in the Wnt-1 transgenic mice resulted in a marked decrease in the insulin-like growth factor (IGF)-I receptor levels leading to a reduced IGF-I-mediated mitogenesis. Moreover, the percentage of BrdUrd-positive epithelial nuclei was decreased by 48%. B-Catenin immunoreactivity was significantly decreased and the percentage of signal transducer and activator of transcription 5a (stat5a)-positive mammary epithelial cells was increased by 2-fold in Wnt-1 mice overexpressing PTEN. The present study shows that PTEN can partially inhibit the Wnt-1-induced mammary tumorigenesis in early neoplastic stages by blocking the AKT pathway and by reducing the IGF-I receptor levels in mammary gland. This study identifies the PTEN as a therapeutic target for the treatment of mammary cancer and presumably other types of cancer. (Cancer Res 2005; 65(15): 6864-73) 
Introduction
Wnt-1 protein is a member of a large family of secreted proteins (1) . In mice the Wnt-1 protein is exclusively expressed in the developing central nervous system where it is required for the development of midbrain and cerebellum and in the adult mouse it is also expressed in the testes (1) . The Wnt proteins bind to their seven transmembrane frizzled receptors and transmit a signal to cytoplasmic phosphoproteins of the disheveled family, which then inhibit the activity of the constitutively active glycogen synthase kinase 3h (2) . This sequence of events leads to stabilization and increased levels of h-catenin, which is known to associate with membrane-bound E-cadherin and several DNA binding proteins such as T-cell factors/lymphoid enhancer transcription factors (3, 4) . Translocation of h-catenin into the nucleus results in transactivation of number of genes, such as c-myc and cyclin D1, and therefore drives the cell cycle and promotes proliferation (5, 6) .
Continuous activation of the Wnt-1 signaling pathway in mammary epithelium induces the development of mammary hyperplasia and adenocarcinoma (7) . However, a reduction of Wnt signaling results in a rapid disappearance of Wnt-initiated invasive primary tumors as well as pulmonary metastases (8) . Tumor regression does not require p53 and occurs even in highly aneuploid tumors. However, the absence of p53 is associated with incomplete tumor regression and acceleration of recurrence of fully regressed mammary tumors because loss of p53 results in Wntindependent tumor growth. Therefore, p53 plays an important role in suppressing tumor recurrence (8) .
The tumor suppressor gene product of the phosphatase and tensin homologue (pten) gene is a lipid phosphatase, which reduces the cellular levels of phosphatidylinositol-3-phosphate (PI3P) by antagonizing the activity of phosphoinositol-3 kinase (PI3K; refs. [9] [10] [11] . At the cellular level, loss of PTEN activity leads to accumulation of cytosolic PI3P and activation of the AKT pathway, which results in increased cell growth, survival, invasiveness, and metabolism (12) (13) (14) (15) . On the other hand, it has been shown that overexpression of PTEN in cell culture down-regulates cyclin D1 expression and results in cell cycle arrest (14, 15) . In a previous study, we showed that overexpression of PTEN in a PC3 prostate cancer cell line resulted in a marked reduction in the levels of insulin-like growth factor (IGF)-I receptor and a significant reduction in its expression on the cell surface (16) . In that study, we showed that PTEN overexpression affected IGF-I receptor synthesis at the posttrancriptional level, which might explain, at least in part, the reduction in cell proliferation in those cells.
PTEN was the first phosphatase identified to be frequently mutated or to show somatic deletions in various human cancers. The majority of cancer-related mutations have been mapped within the conserved catalytic domain of PTEN, suggesting that the phosphatase activity of PTEN is required for its tumor suppressor function (17) (18) (19) . Deletion of both PTEN alleles in the mouse resulted in early embryonic lethality (20) and heterozygous PTEN mice developed hyperplastic or neoplastic changes in many organs at an early age (20, 21) . When heterozygous PTEN mice were crossed with Wnt-1 transgenic mice, ductal carcinomas appeared earlier than either Wnt-1 or heterozygous PTEN alone (22) . Moreover, loss of heterozygosity of PTEN occurred in the majority of those tumors, suggesting a selective growth advantage in cells that lack PTEN.
In our previous study, we showed that overexpression of PTEN specifically in the mammary gland resulted in a marked decrease in mammary epithelial cell proliferation, a profound increase in epithelial cell apoptosis, and, as a consequence, mammary tissue hypoplasia which led to incomplete functional differentiation and failure in lactation (23) . To test the functional significance of a possible crosstalk between the inhibitory PTEN signaling pathway and the stimulatory Wnt-1 signaling pathway, we employed a transgenic approach. Mice were generated that express both the PTEN and the Wnt-1 transgenes in mammary epithelium under the mouse mammary tumor virus (MMTV)-long terminal repeat (LTR) promoter. This study describes a new link between the Wnt-1 and PTEN signaling pathways and shows that overexpression of PTEN inhibits the growth and progression of Wnt-1-induced mammary tumors. This study also suggests that PTEN can inhibit the Wnt-1 signaling pathway through inhibition of the cellular accumulation of h-catenin, down-regulation of cyclin D1, and reduction in the IGF-I receptor levels which can also be part of the mitogenic processes driven by the Wnt-1 transgene.
Materials and Methods
Animal husbandry and genotyping. Generation of MMTV-Wnt-1 transgenic mice (24) and MMTV-PTEN mice (23) has been described previously. Male Wnt-1 transgenic mice (a mixture of FVB, SJL, and C 57 BL/6) were crossed with PTEN transgenic females (C 57 BL/6) to generate all four genotypes used in this study: wild-type (WT), PTEN, Wnt-1, and PTEN-Wnt-1. Genotyping of PTEN and Wnt-1 transgenic mice was determined using PCR as previously described (23, 24) . Mice were monitored weekly for tumor formation. Most tumors were found when they were f0.5 cm and harvested for further analysis when they were 2.0 cm in diameter. Tissues were fixed in 4% phosphate-buffered paraformaldehyde overnight and paraffin embedded for further investigation. All procedures were approved by the Animal Care and Use Committee of the National Institute of Diabetes and Digestive and Kidney Diseases, NIH (Bethesda, MD).
RNA isolation and Northern blots. Total RNA from the left inguinal mammary gland (gland number 4) was extracted at 8 to 12 weeks of age using TRIzol reagent according to the instructions of the manufacturer (Invitrogen Corp., Carlsbad, CA). Twenty micrograms of total RNA were separated in 0.8% formaldehyde gels and blotted on nylon membranes. Expression of PTEN and Wnt-1 mRNAs was analyzed using the entire 1.2-kb human PTEN cDNA and the Wnt-1 cDNA (Upstate, Inc., Lake Placid, NY) as probes, respectively. RNA levels were corrected to keratin 18 mRNA levels and were quantified using a PhosphoImager apparatus (Fujifilm Medical Systems USA, Inc., Stamford, CT).
Whole mounts, histology, and immunohistochemistry. The morphology of the mammary glands was examined using the whole-mount technique (25) . To prepare mammary gland sections, inguinal glands were fixed in 4% phosphate-buffered paraformaldehyde overnight, and then transferred to 70% ethanol. Tissues were embedded in paraffin and sectioned at 5 Am. After deparaffinization, rehydration, and antigen retrieval by heating in antigen unmasking solution (Vector Laboratories Burlingame, CA), primary antibodies [h-catenin (1:100), Transduction Laboratories, Lexington, KY; signal transducer and activator of transcription (Stat) 5 (1:100), Santa Cruz Biotechnology, Santa Cruz, CA] were applied to the sections. After incubation at 37jC for 1 hour or 4jC overnight, the sections were washed with PBS and incubated with Alexa Fluor 594 antirabbit and Alexa Fluor 488 anti-mouse secondary antibodies (1:400; Molecular Probes, Eugene, OR) at 37jC for 30 minutes. Slides were studied using a Zeiss Axioscop.
Cell proliferation assay. Mice were injected with 20 AL/g body weight of BrdUrd reagent (3 mg/mL; Amersham Biosciences, Piscataway, NJ) for 2 hours. Mammary glands were dissected and fixed in 4% paraformaldehyde overnight. The tissues were then transferred to 70% ethanol and embedded in paraffin. For detection of incorporated BrdUrd, 5-Am sections were processed according to the instructions of the manufacturer (Amersham Life Science, Arlington Heights, IL).
Protein extraction and Western blotting. Mammary gland proteins were extracted in a buffer containing 10 mmol/L Tris (pH 7.4), 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 0.5% Nonidet P40 containing protease inhibitors (2 mmol/L phenylmethylsulfonyl fluoride, 10 mg/mL leupeptin, and 10 mg/mL aprotinin), and phosphatase inhibitors (100 mmol/L sodium fluoride, 10 mmol/L sodium pyrophosphate, and 2 mmol/L sodium orthovanadate). Lysates were centrifuged at 48,000 Â g for 60 minutes at 4jC. Protein concentrations were determined using the bicinchoninic acid protein assay (Pierce, Rockford, IL) according to the instruction of the manufacturer. Samples containing 50 Ag of protein were boiled for 4 minutes in reducing Laemmli sample buffer containing 80 mmol/L DTTand subjected to electrophoresis on 10% SDS-polyacrylamide gels. Proteins were then transferred from gels to nitrocellulose membranes. The membranes were blocked with 5% insulin-free bovine serum albumin in TBS-Tween 20 buffer, and proteins were detected using various antibodies, as indicated in the figure legends [E-cadherin antibody (Transduction Laboratories); h-catenin, phospho-extracellular signalregulated kinase (ERK)-1/2, phospho-Stat5, and matrix metalloproteinase-9 antibodies (Cell Signaling Technology, Inc., Beverly, MA); IGF-I receptor, phospho-Akt, Akt, and ERK2 antibodies (Santa Cruz Biotechnology); cyclin D1 antibody (NeoMarkers, Fremont, CA); keratin 8 antibody (Covance, Berkely, CA); and actin antibody (Sigma Chemicals, St. Louis, MO)]. After extensive washings, immune complexes were detected with horseradish peroxidase conjugated with specific secondary antiserum (Amersham Corp., Arlington Heights, IL) followed by enhanced chemiluminescence reaction. Blots were analysed by densitometry and quantified with MacBas V2.52 software (Fuji PhotoFilm).
Quantitative real-time PCR. Total RNA was extracted from mouse mammary gland and cDNA was synthesized using oligo(dT) primers with reverse transcription-PCR kit according to the instructions of the manufacturer (Invitrogen). Real-time PCR was done with the QuantiTect SYBR green PCR kit (Qiagen, Valencia, CA) according to the instructions of the manufacturer in ABI PRISM 7900HT sequence detection systems (Applied Biosystems, Foster City, CA). The primers that were used for realtime PCR are as follows: Sca-1 forward: 5V -TTGCCTTTATAGCCCCTGCT-3V , Sca-1 reverse: 5V -GTCATGAGCAGCAATCCACA-3V ; keratin 6 forward: 5V -CATTGGAGGTGGAGCTGGTA-3V , keratin 6 reverse: 5V -GATGGTGACCTCTT-GGATGC-3V ; keratin 8 forward: 5V -TCCAGACTTCACCATGTCCA-3V , keratin 8 reverse: 5V -AAAGCTGGAAGAGCTGATGC-3V . Real-time PCR cycler conditions were 95jC, 15 min/45 Â (94jC 15 seconds, 60jC 30 seconds, 72jC 15 seconds). The results were normalized against keratin 8 gene expression.
Statistical analysis. Results are expressed as mean F SE. Statistically significant differences at P < 0.05 were determined using a one-factor ANOVA followed by a t test.
Results
Overexpression of the Wnt-1 and PTEN transgenes in mouse mammary epithelium. PTEN and Wnt-1 transgenic mice express the PTEN and Wnt-1 genes under the control of the MMTV-LTR promoter specifically in mammary epithelium (Fig. 1A) . Crossing of the two transgenic lines resulted in four groups that were analyzed in this study: WT, PTEN, Wnt-1, and PTEN-Wnt-1 transgenic mice. Northern blot analysis, shown in Fig. 1B , shows overexpression of the Wnt-1 transgene in Wnt-1 and PTEN-Wnt-1 transgenic mice and overexpression of the PTEN transgene in PTEN and PTENWnt-1 transgenic mice.
Overexpression of phosphatase and tensin homologue in Wnt-1 transgenic mice decreased mammary epithelial cell proliferation and mammary hyperplasia. To determine the effect of inactivation of the AKT pathway (by PTEN overexpression) on Wnt-1-induced mammary hyperplasia, the PTEN transgenic mice were crossed with the Wnt-1 transgenic mice. Inguinal mammary glands from mice bearing the Wnt-1 transgene in the presence or absence of the PTEN transgene were analyzed at 8 and 16 weeks of age. Figure 2 shows whole-mount staining of mammary glands at 16 weeks of age. Virgin WT female mice exhibited normal mammary ductal morphogenesis as reflected by the presence of an ordered ductal network with extensive side branching. Similarly, ductal development in the PTEN mice at the virgin stage was normal, although less secondary and ternary side branches were observed. In contrast, Wnt-1 transgenic mice displayed extensive mammary gland hyperplasia reflected by excessive ductal side branching and by the development of aberrant lobular structures (Fig. 2) . However, overexpression of the PTEN transgene in the Wnt-1 transgenic mice resulted in reduced mammary gland hyperplasia reflected by reduced ductal side branching when compared with mammary tissue from Wnt-1 transgenic mice. Figure 2 . PTEN overexpression decreased mammary hyperplasia in Wnt-1 transgenic mice. Whole-mount staining was done on mammary glands harvested from 4-month-old WT, PTEN, Wnt-1, and PTEN-Wnt-1 mice. Glands were spread on glass slides, fixed, and subjected to carmine staining; n = 4 to 5 mice per group. Bar, 500 Am.
To verify whether reduced mammary gland hyperplasia in PTEN and PTEN-Wnt-1 mice was due to a decreased rate of epithelial proliferation, BrdUrd incorporation assay was done. Based on the immunohistochemical staining (Fig. 3A) , the number of BrdUrdpositive nuclei in mammary epithelium of Wnt-1 transgenic mice was 2-fold higher than in WT mice. Interestingly, Wnt-1 transgenic mice overexpressing the PTEN transgene showed a 48% decrease in BrdUrd incorporation compared with Wnt-1 mice. In addition, a 5-fold decrease in the number of BrdUrd-positive nuclei was observed in mammary epithelium of PTEN mice compared with control mice (Fig. 3B) . Additionally, at the basal state, both Akt and ERK1/2 phosphorylation was markedly reduced in PTEN-Wnt-1 as compared with Wnt-1 mice (Fig. 3C) , suggesting a reduction in overall proliferative activity. However, when stimulated with IGF-I, there is a marked increase in Akt phosphorylation in both PTENWnt-1 and Wnt-1 mice. In contrast, ERK1/2 phosphorylation remains low even in IGF-I stimulated state in PTEN-Wnt-1 mice. Taken together, these data suggest that overexpression of the PTEN transgene in mice harboring the Wnt-1 transgene leads to decreased Wnt-1-induced mammary hyperplasia by decreasing cell proliferation.
Overexpression of phosphatase and tensin homologue in Wnt-1 transgenic mice decreased tumor incidence, delayed tumor onset, and decreased tumor growth rate. To determine the effect of PTEN overexpression on Wnt-1-induced mammary tumor incidence and latency, the ages at which mammary tumors (z0.5 cm diameter) appeared and the time required for them to reach a size of 2 cm diameter were recorded. As shown in Fig. 4A , WT and PTEN transgenic mice were free of tumors during 12 months of follow-up. In contrast, the majority of mice (89% for Wnt-1 and 78% for PTEN-Wnt-1) harboring the Wnt-1 transgene developed mammary tumors. Thus, those that expressed the PTEN transgene together with the Wnt-1 transgene exhibited a significantly lower tumor incidence. As shown in Fig. 4B , 50% of the Wnt-1 transgenic mice developed mammary tumors at 5.9 months of age. In contrast, the onset of tumors in PTEN-Wnt-1 mice was delayed, with 50% of these mice developing tumors by 7.7 months of age. The rate of tumor growth was expressed as the time required for tumors to grow from 0.5 to 1 cm in diameter (doubling time). As shown in Fig. 4C , Wnt-1 tumors required 8.9 days to reach 1 cm diameter in size. However, PTEN overexpression in Wnt-1 mice required 17.7 days to reach a 1 cm diameter, suggesting that PTEN Figure 3 . Cell proliferation evaluated by BrdUrd staining is decreased in mammary epithelium of Wnt-1 transgenic mice overexpressing PTEN. WT, PTEN, Wnt-1, and PTEN-Wnt-1 mice were injected with BrdUrd and sacrificed 2 hours later. A, BrdUrd-labeled nuclei were detected by immunostaining (red arrowheads). B, 2,000 to 3,000 nuclei were counted in sections obtained from mice at 2 months of age. Columns, mean (n = 3-4 in each group); bars, SE. #, P < 0.05, versus WT group. *, P < 0.05, versus Wnt-1. Bar, 50 Am. C, basal Akt and ERK1/2 phosphorylation is decreased in mammary epithelia of PTEN-Wnt-1 mice. Representative Western blot analysis and quantification of phospho-Akt and phospho-ERK1/2 in response to IGF-I stimulation. Columns, mean; bars, SE. *, P < 0.05, for IGF-I versus Vehicle; #, P < 0.05, for PTEN-Wnt-1 + Vehicle versus Wnt-1 + Vehicle group.^, P < 0.05, for PTEN-Wnt-1 + IGF-I versus Wnt-1 + IGF-I group.
transgene reduced the rate of Wnt-1-induced mammary tumor growth.
The tumors that arose in both Wnt-1 and PTEN-Wnt-1 transgenic mice were lobuloalveolar adenocarcinoma as was previously reported for the Wnt-1 transgenic mice (Fig. 4D) .
Overexpression of phosphatase and tensin homologue in Wnt-1 transgenic mice led to an increase in signal transducer and activator of transcription 5a-positive epithelial cells and a decrease in B-catenin staining in hyperplastic mammary tissue. Histologic analysis of mammary tissue from Wnt-1 and PTEN-Wnt-1 transgenic mice revealed hyperplastic structures in both genotypes (Fig. 5A) . In Wnt-1 transgenic mice, there was little evidence of normal alveoli and many of the epithelial structures had expanded and showed strong h-catenin staining (Fig. 5A) . Western blot analysis of h-catenin revealed a marked decrease in h-catenin in PTEN-Wnt-1 as compared with Wnt-1 mice (Fig. 5B) . In contrast, overexpression of PTEN in Wnt-1 transgenic mice resulted in reduced accumulation of h-catenin in the hyperplastic nodules, and many alveoli had undergone differentiation as evidenced by increased Stat5a levels ( Fig. 6A  and B) . Additionally, Western blot analysis of Stat5a phosphorylation showed a significant increase in Stat5a phosphorylation in PTEN-Wnt-1 as compared with Wnt-1 mice (Fig. 6C) . These results suggest that destabilization of h-catenin in the Wnt-1 transgenic mice due to overexpression of PTEN decreases the number of normal alveolar epithelia that undergo transdifferentiation, and may eventually result in squamous metaplasia in the developing tumors. Although increased Stat5a does suggest more differentiation of epithelial cells in PTEN-Wnt-1 mice, it is also important to assess the levels of stem cell markers in mammary epithelia as it is believed that cancer cells might arise from stem or progenitor cells. The putative stem cell markers Sca-1 and keratin 6, which seem to be preferentially expressed in mammary stem or progenitor cells, were analyzed by real-time PCR. As shown in Fig. 6D , Sca-1 levels were significantly reduced in PTEN-Wnt-1 as compared with Wnt-1 mice, and keratin 6 had a tendency of reduction in PTEN-Wnt-1 mice.
Overexpression of phosphatase and tensin homologue in Wnt-1 transgenic mice led to a decrease in insulin-like growth factor-I receptor, cyclin D1, matrix metalloproteinase-9, and E-cadherin levels in the hyperplastic mammary tissue. In view of our previous study where we detected a marked reduction in IGF-I receptor protein levels when PTEN was overexpressed in a PC3 prostate cancer cell line (16), we analyzed the IGF-I receptor protein levels in the PTEN-Wnt-1 double transgenic mice. Interestingly, in the PTEN-Wnt-1 mammary model we also detected a reduction in IGF-I receptor levels in mammary tissue compared with the Wnt-1 mice (Fig. 7A) . This reduction can partially account for the significant decrease in BrdUrd incorporation in the mammary gland of PTEN-Wnt-1 transgenic mice (Fig. 3A) that was described above. Cyclin D1, MMP-9, and Ecadherin, which are implicated in the Wnt-1 signaling pathway, are also inhibited when PTEN is overexpressed in mammary gland of Wnt-1 transgenic mice (Fig. 7B-D) . This inhibition is most likely through inhibition of glycogen synthase kinase 3h phosphorylation and h-catenin translocation to the nucleus. Taken together, reduction in the levels of IGF-I receptor, mitogen-activated protein kinase (MAPK) and Akt phosphorylation, cyclin D1, h-catenin, MMP-9, and E-cadherin could account for reduced cell proliferation and reduced number of cells that are more susceptible to transformation in the PTEN-Wnt-1 double transgenic mice.
Discussion
In this study, we present several lines of evidence supporting the notion that the tumor suppressor PTEN inhibits Wnt-1-induced cellular growth through inhibition of cyclin D1 and h-catenin and down-regulation of the IGF-I receptor. However, we also show that PTEN cannot completely suppress the proliferative processes driven by Wnt-1 transgene, despite the fact that both PTEN and Wnt-1 are expressed under the same promoter in the same cell type. This observation suggests that the proliferative drive of the mammary epithelial cells is composed of many molecular mechanisms leading to malignancy and cannot be completely blocked by one tumor suppressor gene but, rather, only inhibited to some degree. It is necessary to recognize that the incomplete blockage of tumorigenesis could also be due to incomplete overlap of the cells that express these two genes. Because Wnt-1 is a secreted protein, its paracrine signaling might also contribute to the observed tumorigenesis.
Wnt-1 signaling is known to play a critical role in the proliferation of a variety of cell types such as hematopoetic stem cells, keratinocyte stem cells, and colon cells (26) (27) (28) (29) (30) . Deregulation of the Wnt-1 pathway has been shown to be a cancer-predisposing factor in many tissues (2) . In the mammary gland, it is believed that progenitor cells are most likely the precursors to cancer (31) and, therefore, activation of the Wnt signaling pathway increases the number of precursor cells that can undergo transformation and initiate genetic lesions, which lead to mammary tumors. PTEN, on the other hand, decreases the potential number of cells that can undergo transformation by inhibiting cell proliferation and increasing apoptosis (32) . Indeed, in this study, we show, as have others (33) , that in Wnt-1 transgenic mice there is a marked increase in epithelial cell proliferation and a significant increase in tumor incidence and tumor growth. Overexpression of the tumor suppressor PTEN in the Wnt-1 transgenic mice led to decreased epithelial cell proliferation and decreased hyperplasia, resulting in a significant decrease in mammary tumor incidence and growth. However, it is important to note that PTEN was not able to completely block epithelial cell proliferation. This could be due to simultaneous activation of different molecular mechanisms that drive cell proliferation or due to generation of a subset of tumor cells that have lost PTEN expression.
h-Catenin is an integral part of the Wnt pathway (2) . Upon binding of the Wnt proteins to the transmembrane Frizzled receptor, there is an activation of a signaling cascade leading to the stabilization of h-catenin, its translocation to the nucleus, and activation of the lymphoid enhancer transcription factors and T-cell factors (2) . The role of h-catenin in mammary gland development has been studied in vivo in mice expressing a truncated form of h-catenin (34, 35) . These experiments show that h-catenin signaling determines alveolar cell fate, survival, and proliferation. Overexpression of h-catenin activators, such as Wnt-1, Wnt-3, and Wnt-10b, leads to stimulation of alveolar development (34, 36) . In contrast, overexpression of h-catenin supressors, such as axin and dominant-negative h-catenin (37, 38) , results in impaired alveolar development. In the present study, we show that PTEN decreased mammary tumor incidence and growth stimulated by the Wnt-1 transgene. These data are supported by immunohistochemistry exhibiting a marked reduction in h-catenin staining in the double transgenic PTENWnt-1 mice, and by Western blotting showing a significant reduction in h-catenin and cyclin D1 levels, which are implicated in the Wnt-1 signaling pathway. These results indicate that PTEN reduced the cytosolic levels of PI3P by antagonizing the activity of PI3K, which could then lead to an increase in the activity of glycogen synthase kinase 3h and eventually to destabilization of h-catenin and reduction in its transcriptional activation of the cyclin D1 gene.
The histopathology and the molecular features of mammary tumors can vary depending on the different oncogenes that initiated them (39) (40) (41) (42) (43) (44) . There are oncogenes that can only transform progenitor cells but cannot arrest them at this stage or induce their differentiation (31) . In contrast, there are Figure 6 . PTEN overexpression in Wnt-1 transgenic mice increased Stat5a expression and phophorylation in mammary tissue. A, sections of mammary glands removed from WT, PTEN, Wnt-1, and PTEN-WNT-1 mice were analyzed by Stat5a immunofluorescence staining (red ; white arrowheads ). Stat5a antibody was used as described in Materials and Methods. E-cadherin (green ) was used to stain the cell membrane. B, quantification of Stat5a-positive cells; 1,800 to 2,000 nuclei were counted in sections obtained from mice at 2 to 3 months of age. Columns, mean (n = 4-5 in each group); bars, SE. *, P < 0.05, for Wnt-1 versus PTEN-WNT-1 group. Bar, 50 Am. C, representative Western blot analysis and quantification of phospho-Stat5a in mammary epithelia of Wnt-1 and PTEN-Wnt-1 transgenic mice. Columns, mean (n = 7 in each group); bars, SE. *, P < 0.05, versus Wnt-1 group. D, RNA levels of the putative stem cell markers Sca-1 and keratin 6 in Wnt-1 and PTEN-Wnt-1 mice. Mouse mammary glands were harvested at 16 weeks of age, and RNA was isolated and subjected to real-time PCR analysis. Columns, mean (n = 4 in each group); bars, SE. *, P < 0.05, versus Wnt-1 mice.
oncogenes that transform differentiated cells exclusively (31) . In the present study, we show that PTEN overexpression in the Wnt-1 transgenic mice led to a significant increase in Stat5a-positive epithelial cells as compared with Wnt-1 transgenic mice; Stat5a is a well-known marker of differentiation. However, it remains to be determined whether the Wnt-1 signaling pathway induces mammary tumors at a specific stage of differentiation and, therefore, it is hard to determine at what stage PTEN inhibits the Wnt-1 signaling. It is also unclear whether the MMTV promoter is differentially activated in progenitor versus differentiated cells, and so it is also unclear whether these Stat5a-positive cells represent an arrested subpopulation of transformed mammary epithelial cells. In this study, we also show that activation of the Wnt-1 signaling pathway leads to an increase in stem or progenitor cell markers (Sca1 and keratin6), which reflects an increased population of undifferentiated cells that might be more susceptible for tumorigenesis. PTEN overexpression in the Wnt-1 transgenic mice resulted in a decrease in the levels of these markers.
The IGF-I receptor is a tyrosine kinase receptor, which on ligand binding undergoes phosphorylation and transmits its signal to multiple intracellular substrates such as insulin receptor substrates, PI3K, and MAPK (45) . Activation of the PI3K/AKT and the Ras/Raf/MAPK pathways is considered to mediate the mitogenic effect of the IGF-I receptor (46) . IGF-I receptor is universally expressed in various hematologic cancers, such as multiple myoloma, lymphoma, and leukemia, and in solid tumors, such as breast, prostate, and lung (47) . Expression of functional IGF-I receptor is required for neoplastic transformation in diverse tumorigenesis models. Overexpression of the tumor suppressor PTEN, which inhibits the IGF-I receptor signaling by dephosphorylation of PI3P and inactivation of the AKT pathway, leads to a decrease in cell proliferation and an increase in cell apoptosis (15) . Moreover, it has been shown that expression of PTEN in PTEN-deficient glioma cells inhibited cell growth, which was similar to the effect of inactivation of the IGF-I receptor in these cells (48) . Interestingly, in the present study, overexpression of PTEN in the Wnt-1 transgenic mice led to a marked decrease in the IGF-I receptor levels as compared with Wnt-1 transgenic mice. These data are in accord with our previous (in vitro) study, which showed a significant reduction in IGF-I receptor protein levels when PTEN was overexpressed in PC3 prostate cancer cells (16) .
A schematic summary of the data is presented in Fig. 8 . Wnt-1 overexpression leads to activation of the Wnt-1 signaling pathway, which drives proliferation. PTEN overexpression, on the other hand, blocks the AKT pathway which can lead to partial inhibition of Wnt-1-induced tumorigenesis through destabilization of h-catenin and a reduction in cyclin D1 protein levels (49, 50) . PTEN also inhibits the IGF-I receptor translation leading to a reduced IGF-I-mediated mitogenesis as reflected by reduction in the basal phosphorylation of both Akt and MAPK.
